The VP4, VP7, NS53 and VP6 genes of two porcine rotavirus variants which differ in their in vitro growth properties and pathogenicity have been cloned and sequenced. The VP4 genes show only 67.2 % nucleic acid and 70-6 % amino acid identity. The VP4 gene of one variant (4S) is closely related to that of the bovine UK rotavirus strain, whereas the VP4 gene of the other variant (4F) is only distantly related to known VP4 genes and is likely to represent a new P serotype. In contrast the NS53 (VP5), VP6 and VP7 genes of the 4F and 4S variants show greater than 99 % nucleotide and amino acid identity, indicating that the two viruses are genetically related by a reassortment event. The implications for the role of VP4 in the determination of in vitro growth characteristics and pathogenicity are discussed.
Introduction
Rotaviruses constitute a genus of the family Reoviridae and are a major cause of gastroenteritis in human infants and the young of many animal and bird species (Kapikian & Chanock, 1990) . The virion consists of a core containing 11 segments of double-stranded RNA surrounded by an inner capsid made up of the viral protein VP6 and an outer capsid made up of VP7 and VP4. VP7 is the major component of the outer capsid and determines G serotype, whereas VP4 specifies P serotype. Currently 14 G serotypes have been defined (Browning et al., 1991a, b) and at least 12 P serotypes have been suggested on the basis of amino acid homology (Estes & Cohen, 1989; Gorziglia et al., 1990a; Snodgrass et al., 1992) . Studies by Prasad et al. (1988 Prasad et al. ( , 1990 have shown that VP4 occurs as 60 dimeric spikes, extending approximately 12 nm from the outer surface of the virion. VP4 has been implicated in the cell attachment process in vitro (Ruggeri & Greenberg, 1991) , can act as a haemagglutinin , and determines
The sequence data described in this paper have been submitted to the GenBank database and assigned the following accession numbers: PRV 4F VP4 gene (L10359), NS53 gene (L29183), VP6 gene (L29184), VP7 gene (L10360), PRV 4S VP4 gene L10358, NS53 gene (L29185), VP6 gene (L29186), VP7 gene (L10361). both growth properties in vitro and virulence in mice (Offit et al., 1986) . Specific VP4 types have also been associated with lack of pathogenicity in man (Gorziglia et al., 1988a; Das et al., 1993; Gentsch et al., 1993) . Recent data have indicated that interactions between VP4 and VP7 on the outer capsid can influence growth in vitro and the reactivity of VP4 with a number of monoclonal antibodies (Chen et al., 1992; Kool et al., 1992) . VP4 has an M r of 85K to 88K and is post-translationally cleaved, yielding two polypeptides, VP5* and VP8*, an event which has been shown to enhance in vitro infectivity and plaque formation in some rotavirus strains (Estes et al., 1981; Clark et al., 1981) .
Porcine rotavirus variants (PRVs) 4F and 4S were obtained when rotavirus detected in the faeces of a diarrhoeic pig in China was adapted to growth in MA104 cells (Ni, 1986) . Electropherotyping of the cell cultureadapted rotavirus RNA on polyacrylamide gels revealed a normal pattern except for the presence of a double gene 4 band. Two variants, designated 4F (for fast migrating gene 4) and 4S (for slow migrating gene 4) that showed electropherotypes differing only in the migration of gene 4 were subsequently isolated from this mixture by plaque purification and limiting dilutions (Haddow et al., 1989) . Variants 4F and 4S were found to differ greatly in their in vitro growth properties: 4S grew faster, yielded a final titre 10-to 30-fold higher than 4F, and produced large plaques 4 to 5 days after infection, whereas 4F produced only small plaques after 10 to 12 days. SDS-PAGE of proteins from virus-infected cells showed a difference in the intensity of the VP4 bands of the two variants, but no differences were observed between the other virusencoded proteins (Haddow et al., 1989) .
The in vivo growth and pathogenicity characteristics of variants 4F and 4S have recently been investigated in gnotobiotic piglets (Bridger et al., 1992). Variants 4F and 4S replicated to equal titres in vivo, but significant differences were observed in the pathogenicity of the two variants following serial passage in pigs. Both variants replicated without significant pathogenicity during passages one to three, but variant 4F became highly pathogenic at passages four and five whereas 4S remained apathogenic throughout (Bridger et al., 1992) . In the present report we describe the sequences of the VP4 genes of the two variants obtained from tissue culture. In order to evaluate their genetic relationship further we have also sequenced the NS53 (VP5), VP6 and VP7 genes of both viruses.
Methods

Cells and viruses.
The continuous monkey kidney-derived cell line MAI04 was grown in Eagle's minimal essential medium with Earle's salts in the presence of 10 % foetal calf serum. PRV variants 4F and 4S (Ni et al., 1986; Haddow et al., 1989) were propagated in the presence of 0.5 jag/ml of trypsin (type IX; Sigma).
RNA preparation. Cytoplasmic extracts of infected MA104 cell monolayers were prepared as previously described (Xu et al., 1991) . Briefly, MA104 monolayers in 75 cm 2 flasks were infected at high m.o.i. (5 to 10) and harvested by scraping when initial c.p.e, was observed (PRV 4S, 6 to 8 h; PRV 4F, 40 to 48 h). Cells were lysed and the nuclei removed by centrifugation at 11000 g for 1 rain. The supernatant was treated with proteinase K, extracted twice with phenol~zhloroform and four times with water-saturated ether. Nucleic acids were ethanolprecipitated, and the pellet was resuspended in 50 lal of water.
Oligonucleotide primers. The primers used for reverse transcription and PCR were designed to be complementary to the 5'-and T-terminal 20 to 25 bases of the rotavirus gene of interest, and were based on previously published sequences. The 5' end primers used were of positive sense and the 3' end primers of negative sense. Each primer incorporated a number of restriction endonuclease sites at its 5' end, including a BamHI site in the 5' primer and a PstI site in the Y primer, to facilitate cloning of PCR products. The primers used for the amplification of the VP4 genes were: 5' GGT ACC CGG GAT CCG CGG CTA TAA AAT GGC TTC GC 3' (5' end ofgene) and 5' AGA TCT CGA GCG CTG CAG GTC ACA ACC TCT AGA CAC 3' (3' end of gene); the virus-specific sequences are underlined. Gene 4 of variant 4F proved difficult to amplify using the standard gene 4 primers, and a further primer complementary to the Y end of gene 4 plus sense RNA was synthesized. This primer was degenerate at three positions where variation was observed in published gene 4 sequences. The sequence of this primer was 5' GAA TTC CCG GGT ACC TGC AGG TCA CAA CCT CTA GAA NNT NCT 3', where N denotes degenerate positions in which all four nucleotides were incorporated at random during the synthesis of the oligonucleotide. The primers used for the amplification of the NS53 genes were 5' CCC GGG ATC CAT GGC CGG CTT TTT TTA TGA 3' (5' end ofgene) and 5' CGA TCG CGA ATT CTG CAG GTC ACA TTT TAT 3' (Y end of gene). The primers used for the amplification of the VP6 genes were 5' GGT ACC CGG GAT CCG CGG CTT TTA AAC GAA GTC TTC 3' (5' end of gene) and 5' AGA TCT CGA GCG CTG CAG GTC ACA TCC TCT C 3' (3' end of gene). The primers used for amplification of the VP7 genes were those described by Xu et al. (1990) : 5' CCC GGG ATC CAT GGC CGG CTT TAA AAG CGA GAA TTT 3' (5' end of gene) and 5' CGA TCG CGA ATT CTG CAG GTC ACA TCA TAC AAC TCT A 3' (3' end of gene). Oligonucleotides were synthesized on an Applied Biosystems 38lA DNA synthesizer.
Rev,rse transcription and PCR. Synthesis of cDNA was carried out using 5 lal of RNA preparation, which was mixed with 1.5 gl DMSO, 8 gl of water, 1 gl of primer mix (containing 50 ng of each of two terminal oligonucleotides) and 125 gl of 2x reverse transcriptase reaction mix (100 mM-Tris HC1 pH 8.3, 14 mM-MgCI 2, 80 mM-KC1, 2 mM-DTT, 0"2 mg/ml gelatin, 0.4 mM each of dATP, dGTP, dTTP and dCTP). The mixture was incubated at 95 °C for 2 min followed by rapid cooling in a dry ice/ethanol bath. Avian myeloblastosis virus reverse transcriptase (1 gl; 10 U/gl) (Pharmacia) was added and the reactions were incubated at 42 °C for 30 min. Of the resulting cDNA 1 to 5 gl was mixed (on ice) with 1 gl of primer mix, 1 gl (1 U/gl) of Taq polymerase (Boehringer Mannheim), water to 12.5 gl and 12-5 pl of 2 x PCR reaction mix (20 mN-Tris-HC1 pH 8.3, 3 mg-MgC1 z, 100mM-KCI, gelatin 2 mg/ml, 0.4 mM each of dATP, dGTP, dTTP and dCTP). The reactions were overlaid with mineral oil, and 35 cycles of 94 °C for 1 min, 50 °C for 1 min, 72 °C for 4 min were carried out using a Techne PHC-2 programmable heating block.
Cloning and sequencing of PCR products. PCR products were extracted with phenol-chloroform, ethanol-precipitated, and cut with BamHI and PstI at sites in the primers. Restriction endonucleasedigested PCR products were fractionated on agarose gels, eluted using the Isogene silica-based DNA binding kit (Perkin-Elmer Cetus) and ligated into the pBluescript II phagemid vector (Stratagene). Colonies carrying recombinant plasmids were selected on the basis of white colour when plated on medium containing IPTG and X-Gal and these were screened for the presence of inserts by restriction endonuclease analysis or PCR. Dideoxynucleotide chain termination sequencing was performed using the Sequenase version 2.0 kit (USB). Sequencing was carried out on single-stranded DNA prepared using the single-strand rescue capability of the pBluescript II vector, and on plasmid DNA (Zhang et al., 1988) or PCR product DNA (Winship, 1989) when necessary. Oligonucleotide primers were synthesized at approximately 200 bp intervals to allow the complete sequencing of both strands of the VP4 and VP7 genes.
Analysis of sequences.
Data from sequencing gel autoradiographs were entered into a computer using the Readgel program (Staden, 1984) via a Graf/Bar Mark II digitizer and assembled into contiguous sequences using the Staden sequence analysis programs (Staden, 1982) . Comparisons were carried out using the Genetics Computer Group (GCG) GAP program (Devereux et al., 1984) , and the GCG Pileup multiple sequence alignment program was used in the construction of dendrograms. Sequences used in figures and comparison tables were taken from the following references. The database accession numbers are given where available.
VP4:C486 (Potter et al., 1987, Y00127) ; SA11 (Mitchell & Both, 1989, X14204) ; RRV (Mackow et al., 1988, M18736) ; RV-5 (Kantharidis et al., 1987, M32559) ; UK (Kantharidis et al., 1988, M22306) ; Gottfried (Gorziglia et al., 1990 b, M33516) ; M37, ST3, 1076 (Gorziglia et al., 1988 a, personal communication) ; OSU Porcine rotavirus variants 2207
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;% 600 ASDS I S S I STQTAT I SRRLRLKEMTTQTEGMNFDDI S AAVLKTKI DRS TQI S PNTLPDVI TEAS E KF I PQRSYRVLKDDEVMEAGVI)G KF FAYKVI)TFEE 699 (Estes & Cohen, 1989) which are present in the VP4s of both variants. Triangles (A) indicate conserved proline residues which are not present in the VP4s of both variants. The space (*) in the 4F VP4 sequence at amino acid position 136 was inserted to allow optimal alignment of the two sequences. (Taniguchi et al., 1989, D90260) ; 69M (Qian & Green, 1991 (Taniguchi et al., 1990; M58292) . VP7: Wa (Richardson et al., 1984, K02033) ; $2 (Gunn et al., 1985, M 11164); SA 11 (Both et al., 1983, V01546) ; Gottfried (Gorziglia et al., 1988c, X06759) ; OSU (Gorziglia et al., 1986, X04613) ; UK (Elleman et al., 1983, X00896P) ; Ch2 (Nishikawa et al., 1991, X56784) ; B37 (Hum et al., 1989, J04334) ; WI61 (Green et al., 1989) ; B-11 (Huang et al., 1992, M64679) ; YM (Ruiz et al., 1988, M23194) ; L26 (Taniguchi et al., 1990, M36396) ; L338 (Browning et aL, 1991a, D00843); F123 (Browning et al., 1991b, M61876) .
Results
Sequence of the gene 4 of PR Vs 4F and 4S
Gene 4 of the 4F variant is 2359 nucleotides long and contains a long open reading frame (ORF), starting with an AUG codon at nucleotides 10 to 12 and ending with a UGA at nucleotides 2335 to 2337, which codes for a VP4 of 775 amino acids with a deduced M r of 86997 (Fig. 1) . The sequence is similar to those of most human strains in having one amino acid codon missing (codon 136) compared to all animal gene 4 sequences previously described which have VP4s of 776 amino acids (Estes, 1990) . Gene 4 of PRV 4S is 2362 nucleotides tong and contains an ORF starting with an AUG codon at nucleotides 10 to 12 and ending with a UGA at nucleotides 2338 to 2340 coding for a VP4 of 776 amino acids with a deduced M~ of 86 511. The VP4s of variants 4F and 4S contain the four cysteines (at positions 215, 317, 379 and 773 in 4F VP4, and 216, 318, 380, and 774 in 4S VP4) that are conserved in all VP4s sequenced to date, with the exception of the VP4 of the bovine B223 strain (Patton et al., 1993) . The VP4 of the 4F variant contains all 19 and the VP4 of the 4S variant contains 17 of the highly conserved prolines described by Estes & Cohen (1989) (Fig. 1) .
The nucleotide and deduced amino acid sequences of the VP4 genes of variants 4F and 4S were compared to each other and to those of a number of previously Estes & Cohen (1989) and Snodgrass et al. (1992) and are largely defined by amino acid diversity (Gorziglia et al., 1990a) . For references and sequence accession numbers see Methods.
t NA, Not assigned. sequenced rotavirus genes 4 ( Table 1 ). The gene 4 sequences of variants 4F and 4S are not closely related, showing only 67"2 % nucleotide and 70.6 % amino acid identity. The gene 4 of the 4S variant is of a type not previously observed in a porcine rotavirus Gorziglia et al., 1990b; Lopez et al., 1991) , but is closely related to the UK bovine rotavirus gene 4 (Kantharidis et al., 1988) , showing 90-7% nucleotide and 94-2 % amino acid identity. The sequence of the gene 4 of variant 4F shows relatively low levels of identity with previously sequenced genes, the highest degrees of relatedness being 82'5 % amino acid identity with the VP4 of the human asymptomatic strain M37 and 82-7 % with the porcine Gottfried strain (Table 1) .
The GCG Pileup program was used to construct a dendrogram incorporating the published gene 4 sequences and those of variants 4F and 4S. This dendrogram (Fig. 2) placed gene 4 of PRV 4F in a wide group including symptomatic human strains (KU, RV-5, L27), asymptomatic human strains (1076, ST3, M37) and the porcine Gottfried strain. Gene 4 of PRV variant 4S did not fall into either of the two branches containing the gene 4 of porcine strains (YM and OSU or Gottfried) but grouped very closely with two bovine rotavirus gene 4 sequences, those of UK and B641.
An analysis of the amino acid sequences in the trypsin cleavage region of VP4 also shows differences between variants 4F and 4S. The VP4 trypsin cleavage region of variant 4F resembles those found in most VP4s sequenced to date, with conserved potential cleavage sites at amino acid positions 240 and 246, corresponding to positions 241 and 247 in most animal rotavirus VP4s (Lopez et al., 1985) . The trypsin cleavage region of the VP4 of variant 4S is very similar to those of the bovine strains UK and B641 (Kantharidis et al., 1988; Hardy et al., 1991) . These VP4s differ from most others sequenced to date in having potential trypsin cleavage sites after arginines at positions 241 and 246 instead of positions 241 and 247 (strain RV-5 has three arginines, at positions 241,246 and 247). The VP4s of variant 4S and of the UK and B641 strains are also unusual in having a proline residue between the two potential cleavage sites.
Sequences of the VP7 genes of PR V variants 4F and 4S
The VP7 genes of PRV variants 4F and 4S are 1062 nucleotides in length and have a single long ORF containing two AUG start codons at positions 49 to 51 and 136 to 138 and ending with a UAG at positions 1027 to 1029. Initiation at the first and second start codons would give rise to VP7s of 297 or 326 amino acids with deduced Mrs of 37.2K and 33.8K, respectively. The nucleotide sequences of the two VP7 genes are very closely related, showing 99.8 % nucleotide and 99"7% amino acid identity, and differ only at positions 111 and 772, the latter resulting in a difference in their deduced amino acid sequences at position 242 (aspartic acid in 4F and asparagine in 4S) (Fig. 3) . The VP7 gene of variant 4F was compared to previously published sequences representing G serotypes 1 to 14, and showed a relatively high degree of amino acid identity (91.7 %) with the VP7 of SAll, a serotype G3 strain (Table 2 ). This is in (Estes & Cohen, 1989) . A highly conserved glycosylation site at positions 69 to 71 (Estes & Cohen, 1989) is boxed. The deduced amino acid sequence of the VP7 of variant 4S is identical but for the presence of asparagine (N) instead of aspartic acid (D) at position 242 (underlined). For references and sequence accession numbers see Methods.
accordance with previous findings that variants 4F and 4S are serotype G3 by ELISA (Bridger et al., 1992) , and that strains of the same serotype show greater than 91% VP7 amino acid identity (Green et al., 1987; Kapikian & Chanock, 1990) .
Sequence analysis of the NS53 genes of PR V 4F and 4S
The NS53 genes of variants 4F and 4S are 1567 nucleotides long, and each contains a long ORF (coding for a product of 486 amino acids) starting with an AUG at nucleotides 32 to 34 and ending with a UAA at nucleotides 1490 to 1492 (data not shown). The two NS53 gene nucleotide sequences differ at only one nucleotide position (415), a difference which does not alter the amino acid encoded. Interestingly, the genes are most closely related (82.1% amino acid identity) to the NS53 gene of another porcine rotavirus, OSU (L, Xu et al., unpublished; GenBank accession number Z12107).
The two genes are found to form a new separate branch on a dendrogram of NS53 genes, and are part of a larger group consisting of porcine and human rotavirus genes (data not shown).
Sequence analysis' of the VP6 genes of PRV 4F and 4S
The VP6 genes of PRV 4F and 4S are 1356 nucleotides long and each contain long ORFs (coding for products of 397 amino acids) starting with an AUG at nucleotides 24 to 26 and ending with a UGA at nucleotides 1214 to 1216 (data not shown). The two genes differ at three nucleotide positions (162, 634 and 1246), the first two of which produce deduced amino acid changes, at positions 47 and 204, respectively. The genes are most closely related (98.5 % amino acid identity) to the VP6 of the porcine rotavirus YM. The VP6 of YM is unusual in that it is more closely related at the amino acid level to the VP6 proteins of subgroup II than subgroup I rotaviruses, despite being serologically a subgroup I virus (L6pez & Arias, 1993 ; GenBank accession number X69487). This is also the case for the VP6s of PRV 4F and 4S, which show 93.5 % amino acid identity with the VP6s of two subgroup II strains, Wa (Both et al., 1984 ; GenBank accession number D00326) and Gottfried (Gorziglia et al., 1988b ; GenBank accession number K02086), and a maximum of only 91.5 % identity with any subgroup I VP6 with the exception of that of YM. Previous studies had indicated that the VP6s of strains within the same subgroup showed at least 96% amino acid identity (Gorziglia et al., 1988b) . Lopez & Arias (1993) were able to identify two amino acids (56 and 120) that were highly conserved in the VP6s of subgroup I and I/II strains, and three amino acids (315, 339 and 348) that are highly conserved in subgroup II and I/II strains. The VP6s of PRV 4F and 4S have the same amino acids as the VP6 of YM (and all other subgroup I VP6s sequenced to date) in all these positions apart from amino acid 348, in which they resemble the VP6 of subgroup II viruses.
Discussion
Analysis of the gene 4 sequences of PRV 4F and 4S shows them to differ greatly from each other, having only 67'3 % nucleotides and 70.6 % amino acids in common. It has been suggested (Gorziglia et al., 1990a ) that strains sharing greater than 89 % of their amino acids between their VP4s fall into the same P serotype as that determined by neutralization. By this criterion, variant 4S which has 94.2 % VP4 amino acid identity with the bovine UK strain would fall into the UK-like P5 serotype, whereas the 4F variant, which shows a maximum VP4 amino acid identity of 82-7 % with any previously published gene 4 sequence (that of the porcine strain Gottfried) is likely to represent a new P serotype (Table 1 ). The VP4s of variants 4F and 4S were also found to differ markedly in their trypsin cleavage regions. The VP4 of variant 4F has a trypsin cleavage site similar to those of most published VP4s, whereas the 4S strain has an unusual cleavage region, previously observed only in bovine rotavirus VP4s.
When compared to previously published rotavirus gene 4 sequences using the GCG Pileup program the gene 4s of PRVs 4F and 4S segregate into separate branches of the resulting dendrogram (Fig. 2) . The 4S variant grouped with two bovine strains, whereas variant 4F is grouped with a number of strains predominantly of human origin, but including the porcine Gottfried strain.
Overall the gene 4 dendrogram is similar to that derived by Lopez et al. (1991) . However, the addition ofPRV 4F gene 4 has brought together the previously separate groups containing the human asymptomatic and porcine Gottfried rotavirus genes 4 on one branch and the symptomatic human rotavirus genes on the other. The high degree of relatedness between most human and the two separately isolated porcine gene 4 sequences is suggestive of a relatively high frequency of inter-species rotavirus transmission or genetic reassortment between viruses circulating in these two species. A similar linkage between human and porcine rotavirus pools in nature h~s been suggested previously (Bellinzoni et al., 1990 ).
An important step in the further characterization of PRV variants 4F and 4S was to examine their genetic backgrounds. It was of interest to sequence the genes encoding the major outer capsid protein, VP7, to determine whether the possession of different VP4s by these two variants was associated with differences in their VP7 genes. VP7 has recently been shown to influence the in vitro growth phenotype of VP4 reassortants (Chen et al., 1989) and to interact with and affect the conformation of VP4 on rotavirus virions (Chen et al., 1992; Kool et al., 1992) . The VP7 genes of variants 4F and 4S were found to be virtually identical (Fig. 3) , differing by only one amino acid at position 242 (aspartic acid in variant 4F and asparagine in variant 4S). The question of whether this might influence the interaction with the different VP4s of PRVs 4F and 4S cannot be answered at present.
The virtually complete identity of the NS53 genes of PRV 4F and 4S is particularly remarkable as the NS53 genes of different strains have been found to be highly heterogeneous . Also of interest, in the light of reports suggesting linkage between NS53 type, host range and virulence (Broome et al., 1993) is the finding that the NS53 gene most closely related to those of PRV 4F and 4S is that of another porcine rotavirus, OSU.
The VP6 genes of PRV 4F and 4S are also virtually identical, and are unusual in that despite being serologically subgroup I, their amino acid sequences are in general more similar to subgroup II than to subgroup I strains. In addition they possess an alanine at position 348, previously found only in subgroup II VP6s.
Taken together the data suggest that variants 4F and 4S are genetically related by a reassortment event. This event could have occurred in nature or in the laboratory, and it should be noted that during the initial adaptation of PRV 4F and 4S to growth in cell culture a number of other porcine and bovine rotavirus isolates were also being adapted (Ni, 1986) .
Porcine rotavirus variants 4F and 4S differ markedly in growth and plaque formation in vitro (Haddow et al., 1989) and in pathogenicity in gnotobiotic piglets (Bridger et al., 1992 ). An analysis of sequence changes in gene 4 of PRV 4F during serial passage in piglets is currently underway. In the present study 4F and 4S have been shown to possess markedly different genes 4 in what appears to be a highly related genetic background. However, differences in genes other than gene 4 could influence their biological properties, and the reassortment of gene 4 of one variant into the genetic background of the other via an intermediate strain will be used to investigate this possibility.
Note added in proof Recently 17 different genotypes of VP4 of animal rotaviruses have been distinguished [Taniguchi et al. (1994) 
